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0.2 yr) female participants, and 17 older (OM, 66.2 ± 1.5 yr) and 13 
younger (YM, 21.2 ± 0.4 yr) male participants to examine the effects of 
aging and sex.  In a neutral condition (27.5°C, 50% RH) during rest, warm 
and cold thermal sensitivity was measured on eight body regions 
(forehead, chest, back, forearm, hand, thigh, calf, and foot). Using the 
method of limits, a thermal stimulator was applied to the skin at an 
adapting temperature and either increased or decreased at a constant rate 
(0.3°C/s) until the participants detected the temperature with a push 
button. Thermal sensitivity declined with ageing to both a cold (older: 
1468.6 ± 744.7 W/m2, younger: 869.8 ± 654.7 W/m2, p<0.001) and warm 
(older: 2127.0 ± 1208.3 W/m2, younger: 1301.7 ± 1055.2 W/m2, p<0.001) 
innocuous stimulus. YF and OF were more sensitive than YM and OM to both 
a warm and cold stimulus (p<0.05). There was no interaction between age 
and sex suggesting that whilst thermal sensitivity decreases with age the 
decrease is similar between the sexes (p>0.05). There was an interaction 
between temperatures, age and location and it seemed that cold thermal 
sensitivity was more homogenous for young and older participants however 
warm thermal sensitivity was more heterogeneous especially in the younger 
participants (p<0.05). Although the pattern was not similar between ages 
or sexes it was evident that the forehead was the most sensitive region 
to a warm and cold stimulus. Interestingly the decline in sensitivity 
observed with ageing occurred for all locations but was attenuated at the 
forehead in both males and females (p>0.05). 
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advance if we have mis-understood the points being made, please correct us if we are 
wrong. In some instances we have attempted to justify why changes have not been 
made and we are happy to discuss these points further if needed. After addressing the 
reviewers comments we have checked the manuscript again and have made some 
minor changes (e.g. changing ‘subjects’ to ‘participants’ to ensure consistency 
throughout). These are all minor changes to words to correct small errors (e.g. 
‘gender’ to ‘sex’), spelling, grammar etc. We have used track changes so these can be 
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Reviewer #1: Sex differences in age-related changes on peripheral warm and 
cold innocuous thermal sensitivity. 
 
Major Comments: 
 
1. The authors use the Games-Howell post-hoc tests due to the unequal 
sample sizes. They, however, need to justify use of the ANOVA. If the 
assumption of homogeneity of variance is broken (due to the drastically 
different sample sizes) they need to use a non-parametric test. 
 
Thank you for highlighting this. The Games-Howell is also used in circumstances of 
unequal variances. However, we doubled checked our data and noticed that in some 
(not all instances) homogeneity of variance was violated. We were able to restore the 
variance by a log transformation and have now included this information in the 
method sections of the data analysis (see page 9). As a result of this there were some 
alterations to the statistical findings, which have also been amended. These alterations 
did not impact the main interpretation of our findings.  
 
We have also included more information in the data analysis section in the methods 
about the pre-analysis procedures to aid clarity. 
 
2. Does skin fold thickness influence thermal sensing? It would seem like 
a strong possibility given the method the authors use to induce 
temperature change. If so the authors need to control for the difference 
between the sexes and ages. 
 
Both reviewers have commented on this point and we have discussed it extensively in 
response to reviewer 2. Please see below. 
 
 
3. Figure 1: I do not believe it is statistically justifiable to graph data as a 
3 way ANOVA (location X sex X age) but then include results from 
both said 3 way ANOVA and separate 2 way ANOVAs (location X age). 
Is there much information even gained form including location 
information in the ANOVA? Although the authors provide differences 
in temperature detection by location (Table 3), doesn't a lot of this have 
to do with the size of the receptive field (which was no accounted for)? 
*Response to Reviewers
 We apologies that the information presented in Figure 1 and the corresponding legend 
was from pervious analysis and we had not updated it. The Figure and legend has 
been updated to correspond with the post hoc analysis from the three-way ANOVA’s 
for cold sensitivity and warm sensitivity data.  
 
The authors of the manuscript have been interested in regional differences in thermal 
sensitivity (perceptual and autonomic) for some time and have published this data 
over the last 20 years. Whilst it may appear that not much information is gained from 
including the location data into the analysis as we only gained information about 
facial sensitivity, we believe that this, in itself is important. Thermophysiological 
papers, whether they be autonomic thermoregulation studies or 
behavioural/perceptual studies are often done on one location and sometimes 
generalised for the entire body. However, there has been in increase more recently in 
the awareness of this issue and more papers are being published to address it (Gerrett 
et al. 2014; Smith et al. 2013; Smith & Havenith 2012 etc). Therefore we wish for the 
location data to be included in the analysis and a theme of this paper.   
 
 The technique we have used to assess regional differences is a popular method of 
choice for regional thermal sensitivity studies (Lee et al. 2012; Gerrett et al. 2014; 
Takeda et al. 2016; Ouzzahra et al. 2012 etc) as it is difficult to produce stimulation 
equipment that will be useable on different people with different anthropometric 
characteristics. There are many options for assessing regional sensitivity but it is 
difficult to decide which one is more appropriate; do you ensure that all areas are 
stimulated with the same surface area or one that is proportional to its size or 
proportional to the number of potential receptive units in the area (which is currently 
unknown and will vary from person to person). Typically the size of the stimulation is 
identical across different regions as a method of control. Interestingly thought, a 
number of studies suggest that the perpetual responses cannot be solely explained by 
the density or properties of the peripheral thermoreceptors as the hands, an area 
known to be densely populated did not produce the largest thermal sensitivity 
response (Gerrett et al. 2014; Gerrett et al. 2015). It has been suggested by others 
(Nakamura et al. 2008; Cotter & Taylor 2005) who have also noted that the perceptual 
response cannot be solely explained by the density or properties of peripheral 
thermoreceptors and that the central nervous system must assign a weighing factor to 
areas of physiological importance such as the face and torso. However this still 
required further support.  
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1. In the Abstract the authors should define the methods of limits test. 
 
This information has now been included.  
 
Reviewer #2:  
 
The authors present an original study that is interesting and relevant to the field 
of this Journal.  The manuscript is very well written and presented clearly.   The 
following should be considered by the authors to improve the strength of this 
manuscript: 
 
In their analyses and discussion of observed sex differences in regional thermal 
sensitivity, the authors should give consideration to the subcutaneous fat 
differences observed between male and female subjects.   The authors observed 
the lowest baseline skin temperature in the older females. This group also had 
significantly higher subcutaneous fat than all other groups, as measured by the 
sum of 7 skinfold measurements.   As noted by other investigators, adiposity 
significantly influences observed skin temperatures across various body regions 
and may influence regional thermal sensitivity. Therefore, it is important for the 
authors to acknowledge that the sex (and age amongst females) differences in 
subcutaneous fat measures may, at least in part, be contributing to observed 
differences in the regional thermal sensitivities.   The investigators should 
consider additional analyses accounting for subcutaneous fat differences. 
 
Both reviewer 1 and 2 both raised a point regarding the role of subcutaneous fat on 
thermal sensitivity. Even though we disagree with this comment we realized that 
many readers may have a similar opinion therefore we have included a section to 
explain the minimal role subcutaneous fat can have on thermal sensitivity. We hope 
that this explanation justifies our position on this point but we would be happy to 
discuss it further if required.  
 
Whilst body fat and/or skin fold thickness can impact autonomic thermoregulation 
there is limited evidence for its role in perceptual thermal sensitivity. As highlighted 
by reviewer 2, it has consistently been reported that participants with more fat tend to 
have a lower skin temperature (LeBlanc 1954; Livingstone et a. 1989; Fro 1990; 
Claessens-van Ooijen et al. 2006). Our findings agree with this as our OF had a higher 
Σ7SF and a lower mean skin temperature, whilst our males demonstrated no 
differences in Σ7SF or skin temperature. However, there is very limited evidence to 
show that skin fold thickness or body fat affects thermal sensitivity. Budd et al. 
(1991) found that whilst fatter participants differed in skin temperature and core 
temperature they felt no less uncomfortable to a whole body cold exposure test 
compared to leaner individuals. This has been supported more recently by Fournet 
(2013) who found that despite colder skin temperatures, fatter participants had similar 
local thermal sensations as their leaner counterparts. Ouzzahra (2012) also found no 
relationship between thermal sensation and skin fold thickness across numerous sites 
on the body. We could not find any studies in the literature demonstrating an impact 
of subcutaneous fat on thermal sensitivity (regardless of measurement technique 
(whole body stimulus, method of limits, magnitude estimation etc).  
 
There are a number of reasons that this has either not been investigated and/or no 
differences have been observed. Along with other sensory receptors, the 
thermoreceptors which are being stimulated are located in the dermis of the skin. 
Notably, cold and warm receptors have been found at different depths within the 
dermis and this may impact the latency of the thermoreceptors and affect the 
perceptual thermal sensation experienced (Zotterman, 1953; Guyton, 1991; Hensel & 
Andres 1984; Hensel 1981). Epidermal thickness is almost constant over the body, 
except the palms of the hands and sole of the feet where the stratum corneum can vary 
but these sites were not investigated in this experiment.  Subcutaneous fat on the other 
hand, sits below the dermis in the hypodermis where neither cold nor warm 
thermoreceptors lie. The reason autonomic response may be influenced by 
subcutaneous fat is that the sweat glands and cutaneous blood vessels are located in 
the hypodermis, which is the site of adipose tissue.  
 
However, our methods do not accurately measure skin thickness as skin fold calipers 
combines both subcutaneous fat and skin thickness, with subcutaneous fat 
contributing more substantially to this measure. Out of interest we ran simple 
regression correlations between each site (skin fold) and the corresponding thermal 
sensitivities for warmth and cold. The correlation ranged between 0.004-0.1, p>0.05. 
We also ran simple regression between the sum of seven skin folds and each sites 
thermal sensitivity for warmth and cold and found similar results. Based on the 
scientific theory and the information from some basic analysis we do not believe that 
skin fold thickness or subcutaneous fat will influence thermal sensation hence why we 
do not wish to analyse the data with this as a cofounding variable. We do however 
recognize that this information may be of interest to the reader and as such we have 
included this on our revision (see pages 16-17).  
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Abstract 
CUsing the methods of limits, cutaneous thermal sensitivity to a warm and cold stimulus 
was compared among 12 older (OF, 65.2 ± 1.0 yr) and 29 younger (YF, 21.6 ± 0.2 yr) female 
participants, and 17 older (OM, 66.2 ± 1.5 yr) and 13 younger (YM, 21.2 ± 0.4 yr) male 
participants to examine the effects of aging and sex.  In a neutral condition (27.5°C, 50% 
RH) during rest, warm and cold thermal sensitivity was measured on eight body regions 
(forehead, chest, back, forearm, hand, thigh, calf, and foot).  uUsing the method of limits, a 
thermal stimulator was applied to the skin at an adapting temperature and either increased or 
decreased at a constant rate (0.3°C/s) until the participants detected the temperature with a 
push button. Thermal sensitivity declined with ageing to both a cold (older: 1468.6 ± 744.7 
W/m2, younger: 869.8 ± 654.7 W/m2, p<0.001) and warm (older: 2127.0 ± 1208.3 W/m2, 
younger: 1301.7 ± 1055.2 W/m
2
, p<0.001) innocuous stimulus. YF and OF were more 
sensitive than YM and OM to both a warm and cold stimulus (p<0.05). There was no 
interaction between age and sex suggesting that whilst thermal sensitivity decreases with age 
the decrease is similar between the sexes (p>0.05). There was an interaction between 
temperatures, age and location and it seemed that cold thermal sensitivity was more 
homogenous for young and older participants however warm thermal sensitivity was more 
heterogeneous especially in the younger participants (p<0.05). Although the pattern was not 
similar between ages or sexes it was evident that the forehead was the most sensitive region 
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to a warm and cold stimulus. Interestingly the decline in sensitivity observed with ageing 
occurred for all locations but was attenuated at the forehead in both males and females 
(p>0.05).  
 
Key words: sex, ageing, thermal sensitivity, temperature, regional differences 
Highlights: 
 Forehead thermal sensitivity is persevered with ageing 
 Regional cold sensitivity is homogenous for the young and elderly  
 Regional warm sensitivity is heterogeneous especially in the young 
 Females are more sensitive to innocuous warm and cold thermal stimulation than 
males   
 Ageing does not changed the sex related differences in thermal sensitivity  
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1.0 Introduction 
Behavioral and autonomic temperature regulation is mediated by inputs from afferent 
signals located both centrally and peripherally. Deterioration in the afferent nerves, such as a 
decrease in number and density of myelinated and unmyelinated fibres, reductions in 
neurotransmitters and their host cells are typical age-related declines in neurological 
functioning [1]. Age-dependent neural degeneration observed in thermoreceptors can reduce 
both physiological and perceptual thermal sensitivity. Impaired cutaneous vascular function 
and delays in the sweating and shivering thresholds have been reported in age comparison 
studies [2, 3, 4, 5, 6]. Likewise, reduced thermal sensations in older adults have been reported, 
alongside a number of other tactile responses (touch, pressure and noxious thermal sensitivity) 
[7, 8, 9, 10, 11]. With an increasing ageing population and increased reports of climate change, 
understanding the age related changes in our ability to thermoregulate is vitally important. 
Perceptual thermal sensitivity provides immediate feedback about the thermal state of the body 
and initiates a set of desired actions to correct the thermal imbalance. As a result, the ability to 
sense temperature acts as our first line of defence against thermal imbalance yet relatively little 
is known about this in comparison to our physiological responses.  
It has been suggested that thermal sensitivity declines with age although the findings 
have been contradictory. Kenshalo [12] assessed the thermal threshold of the thenar eminence 
and sole of the foot to either an increasing or decreasing temperature. He noted an age related 
decrement only at the foot to an increasing temperature. Harju et al. [13] reported no effect of 
age on cold or warm threshold detection at the thernar eminence; lateral upper arm, lateral 
knee or sole of the foot. However, Haung et al. [8] reported age related decrements to warm 
and cold thresholds on the dorsal hand and foot using the same technique as Kenshalo [12]. 
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Experimental data on the age-related changes to thermal stimulation have been contradictory 
but recently there is evidence to suggest that the age-related decline in thermal sensitivity is 
site specific. Tochihara et al. [7] reported age related decrements in warm threshold detection 
at the hand, foot and shin but not at the chest, abdomen, upper arm, forearm or thigh. This 
non-uniform decline may have contributed to the lack of clarity over thermal sensitivity 
especially when studies investigated a limited number of locations. Typically, thermal 
sensitivity is limited to one or two locations across the body despite seminal research 
indicating regional distribution of thermoreceptors across the body [14, 15]. Whilst most 
studies investigate a limited number of body sites, recently extensive body maps to a warm and 
cold innocuous stimulus have recently been reported in males and females (~20 years) [16, 17, 
18]. However, more information about regional thermal sensitivity in older individuals in 
comparison to younger adults is required.  
There is substantial evidence supporting gender sex differences in noxious and 
innocuous thermal sensitivity with females being more sensitive than males [17, 19, 20, 21]. 
However this information is currently limited to relatively young adults (~20-30 yrs). Overall, 
the literature suggests that thermal sensitivity may decline with age and females are more 
sensitive than males but whether the decline in thermal sensitivity with ageing is similar 
between males and females is unknown. Therefore the aim of the present study was to assess 
the effect of aging and sex on regional thermal sensitivity to a warm and cold stimulus. To 
address this we measured the threshold detection to an increasing and decreasing thermal 
stimulator on 8 locations across the body in older and younger males and females. 
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2.0 Methods 
2.1 Participants 
Seventy-one participants volunteered for this study, of which 12 were older female 
(OF), 29 younger female (YF), 17 older male (OM) and 13 younger male (YM). The 
physiological characteristics of the participants are shown in Table 1. The young females were 
not taking oral contraceptives and were tested during the early- or mid-follicular phase (4–10 
days after menstruation onset). Older female participants were all post-menopausal and were 
not undergoing hormonal replacement therapy. Participants completed health screen 
questionnaires and informed consent prior to taking part. Osaka International University 
institutional ethics committee for human investigations approved this study, which was carried 
out in accordance with the Declaration of Helsinki. 
 
2.2 Experimental design 
The aim of the investigation was to compare regional sensitivity to a hot and a cold 
stimulus in young and elderly males and females during rest. To achieve these aims an 
independent design was opted for, during which, regional thermal sensitivities to an increasing 
and decreasing thermal probe was investigated. A total of 8 regional body segments were 
chosen representing major anatomical landmarks (anterior and posterior torso and extremities). 
The testing sequence of the locations was randomized to reduce order effect. However, cold 
sensitivity test always preceded the warm sensitivity test. After completing both tests a 5 
minute rest period was taken and the process repeated an additional 2 times to reduce 
unsystematic errors and order effects. Participants were familiarised with the test prior to the 
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main experiment. The experiments were conducted between early August and late October in 
Japan. 
   
2.3 Experimental protocol 
Each participant completed a pre-test session for anthropometric measurements; 
including stature, weight and skin fold thickness. Body surface area (AD) was calculated using 
the following equation [22]: 
AD (m2) = Mass (kg) 0.444 × Height (m) 0.663 ×88.83 
Skinfold thickness was measured using skinfold calipers over the chest, subscapular, suprailiac, 
triceps, anterior forearm, anterior thigh, and posterior calf and the sum of 7 skin folds 
calculated (Σ7SF). They then completed a submaximal incremental exercise test on a cycle 
ergometer (Aerobike 75 XLII, Combi Corporation, Tokyo, Japan) for the estimation of 
maximal O2 uptake (V
．
O2max) based on the Åstrand Rhyming method. The test consisted of four 
progressive exercise stages each lasting 5 minutes. Heart rate (Polar Electro Oy, Kemple, Finland) 
was recorded during the last minute of each stage. Estimation of V
．
O2max was then calculated from 
the ACSM metabolic equation for cycling [23]. Participants were asked to wear a pedometer 
(JM-200, Yamasa, Tokyo, Japan) for one week to estimate typical physical activity (PA) levels 
(steps/day). Participants were instructed to wear the pedometer at the level of the hip throughout 
the day while following their normal daily routine.  
On a separate day, participants visited the laboratory for the thermal sensitivity test. 
Participants were asked to refrain from strenuous exercise and alcohol the day before testing.  
To avoid any effects of diet-induced thermogenesis and for better control of hydration, no food 
or water was ingested from at least 1 h prior to arrival at the laboratory until the end of the test. 
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Dressed in minimal attire (sports bra and shorts for females subjects; shorts only for males), 
participants entered the environmental chamber (SRH-30VEVI2, Nagano Science, Japan) set 
at 27.5°C and the relative humidity (RH) was 50%. Whilst resting in a chair, skin and oral 
thermistors where applied (SZL64, Takara Thermistor Instruments, Yokohama, Japan). Four 
skin thermistors were applied to the chest, forearm, thigh, and calf (SZL64, Takara Thermistor 
Instruments, Yokohama, Japan). Core temperature was estimated using an oral thermometer 
(Tor) placed under the tongue and values recorded after a 5-minute stabilization period. Tor and 
local skin temperatures were recorded at three times points; prior to testing and at the end of 
each 5-minute rest period between thermal sensitivity tests. Data was recorded onto a 
computer-controlled data logger (model K722; Takara Thermistor Instruments, Yokohama, 
Japan) and the three values averaged. Mean skin temperature (Tsk) and mean body temperature 
(Tb) were calculated using the following equations [24]: 
Tsk = 0.3Tchest + 0.3Tforearm + 0.2Tthigh + 0.2Tcalf 
Tb = 0.9Tor + 0.1Tsk 
After a 30-minute stabilization period the thermal sensitivity test, using the method 
of limits was conducted. The test involved applying a hand held square (25 mm x 25 mm) 
thermostimulator (Intercross-200, Intercross Co., Tokyo, Japan) to 8 locations on the body 
(forehead, chest, scapula, anterior forearm, dorsal hand, anterior thigh, posterior calf, and 
dorsal foot) in a randomized order with at least 1 minute separating locations.  
The thermostimulator consisted of a heat-flux sensor, a peripheral temperature sensor 
and a thermode consisting of Peltier elements. Initially, the probe was placed on the skin and 
adjusted to the skin temperature. When the 2 temperatures were equal, the heat flux became 0.  
The heat flux was maintained at ± 30 W/m
2
 for 5 seconds before taking the measurements. The 
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probe temperature was then increased or decreased by 0.3°C/s until the participant felt a warm 
or cold sensation. Participants indicated when they detected a warm or cold sensation by 
pressing a hand held switch in their dominant hand.  Thermal sensitivity is indicated as the 
difference between the heat flux at the commencement of the test and when the participant 
detects a temperature change. The difference in the case of the exoergic reaction was defined 
as the warm threshold, and in the case of the endoergic reaction was defined as the cold 
threshold. Warm and cold thresholds are expressed as absolute values (W/m
2
) and a lower heat 
flux value indicates a greater thermal sensitivity.   
 
2.4 Data analysis and statistics 
Warm and cold thresholds at each site were calculated as mean values of three 
thermal sensitivity tests. Statistical analysis was conducted using Statistical Package (SPSS) 
version 22.0. Differences in warm and cold thresholds across different body regions were 
analysed using three-way ANOVA with location as the independent variable and sex gender 
and age as between subject factors. All data was checked for any outliers, normality 
(Shapiro-Wilk), homogeneity of variance (Levenes’ test) and sphericity. Warm and cold 
threshold data violated homogeneity of variance and were natural logarithm transformed for 
ANOVA tests. This resulted in all data having equal variance and normal distribution. When 
sphericity was violated Greenhouse-Geisser correction was used. Due to unequal sample sizes 
the Games-Howell post-hoc comparison test was used. Unless otherwise stated, all 
measurements are expressed as means with standard errorsdeviations (± S.E.M) and 
significance is defined as p<0.05. 
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3.0 Results 
In females, there were no age-related differences in mass, surface area-to-mass ratio and PA 
levels  (p>0.05) (see Table 1). Height and V
．
O2max were lower in OF than YF (p<0.05) and 
Σ7SF was greater in the OF group than YF (p<0.05). In males there were no age-related 
differences in mass, surface area-to-mass ratio, Σ7SF, V
．
O2max, and PA levels (p>0.05). 
However, OM were shorter than YM (p<0.05).  
There were no gendersex-related differences in V
．
O2max, PA levels or surface area to 
mass ratio (p>0.05). Although males were taller and heavier than females (p<0.05) but had a 
lower Σ7SF (p<0.05).  
During the thermal sensitivity tests, there were no age-related differences in Tor and 
Tb in females (p>0.05). However, Tsk was lower in OF compared to YF (p<0.05) (Table 2).  
No age-related differences were observed in Tor, Tsk, and Tb in males (Table 2). There were no 
sexgender-related differences in Tor, Tsk, and Tb (p<0.05). 
 
3.1 Cold thermal sensitivity  
The absolute heat-flux thresholds for cold sensitivity of each body region in the four 
groups are shown in Figure 1. Three way-ANOVA revealed a main effect of age as the elderly 
group had a lower thermal sensitivity than the younger group (1468.6 ± 744.7 W/m
2
 and 869.8 
± 654.7 W/m
2
, respectively, p<0.001). A main effect of sex was also found as females had a 
higher thermal sensitivity in comparison to males (546.3 ± 200.3 W/m
2
 and 882.0 ± 382.4 
W/m
2
, respectively, p<0.001). A main effect of location was observed and post hoc 
comparisons are presented in Table 3 (p<0.001). Inclusive of all ages and sex, high to low 
regional thermal sensitivity was in the following order: forehead (688.2 ± 333.7 W/m
2
), dorsal 
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hand (978.4 ± 575.9 W/m
2
), scapula (1074.8 ± 631.7 W/m
2
), posterior thigh (1100.1 ± 545.9 
W/m
2
), anterior forearm (1113.3 ± 619.1 W/m
2
), dorsal foot (1209.8 ± 732.9 W/m
2
), posterior 
calf (1244.8 ± 584.8 W/m
2
) and chest (1253.3 ± 662.0 W/m
2
). An interaction was observed 
between age and location and post hoc comparison revealed that all 8 body regions were more 
sensitive in the younger group compared to the elderly group (p<0.05). An interaction was also 
observed between sex and location and post hoc comparison revealed that all locations except 
the hand waswere more sensitive in females compared to males (p<0.05).  
There was no interaction between age, sex and location (p>0.05) but when the effect 
of location and age was analysed for males and females separately, the results revealed an 
interaction between age and location. Post hoc comparison indicated that thermal sensitivity 
was different in OF than YF at all locations except the forehead and hand the forearm, hand, 
anterior thigh, posterior calf, and dorsal foot only (p<0.05). Whilst for males post hoc 
comparison indicated that thermal sensitivity was lower in the OM compared to YM at all 
locations except the forehead. 
 
3.2 Warm thermal sensitivity  
The absolute heat-flux thresholds for warm sensitivity of each body region in the four 
groups are shown in Figure 1. Three way-ANOVA revealed a main effect of age as the elderly 
group had a lower thermal sensitivity than the younger group (2127.0 ± 1208.3 W/m
2
 and 
1301.7 ± 1055.2 W/m
2
, respectively, p<0.001). A main effect of sex was also found as females 
had a higher thermal sensitivity in comparison to males (683.4 ± 314.4 W/m
2
 and 1211.3 ± 
567.6 W/m
2
, respectively, p<0.001). A main effect of location was observed and post hoc 
comparisons are presented in Table 3 (p<0.001). Inclusive of all ages and sex, high to low 
 12 
regional thermal sensitivity was in the following order: forehead (906.4 ± 508.9 W/m
2
), 
anterior forearm (1148.6 ± 523.1 W/m
2
), dorsal hand (1309.6 ± 825.4 W/m
2
), chest (1462.1 ± 
621.1 W/m
2
), anterior thigh (1506.1 ± 734.8 W/m
2
), scapula (1829.6 ± 1064.1 W/m
2
), posterior 
calf (2083.3 ± 1131.3 W/m
2
) and dorsal foot (2411.4 ± 1335.4 W/m
2
). A significant interaction 
was observed between age and location and post hoc comparison revealed that all 8 body 
regions were significantly more sensitive in the younger group compared to the elderly group 
(p<0.05) except the forehead. An interaction was also observed and between sex and location 
and post hoc comparison revealed that all locations except the chest and calf were hand was 
more sensitive in females compared to males (p<0.05). 
There was no interaction between age, sex and location (p>0.05) but when the effect 
of location and age was analysed for males and females separately, the results revealed a 
significant interaction between age and location. Post hoc comparison indicated that thermal 
sensitivity was higher in YF than OF at all locations except the forehead (p<0.05). Whilst for 
males post hoc comparison indicated that thermal sensitivity was lower in the OM compared to 
YM at all locations except the forehead, chest and back and hand.  
 
3.3 Temperature differences 
The influence of age and sex on regional thermal sensitivity to either an increasing 
(warm) or decreasing (cold) stimulation was analysed using 4-way repeated measures ANOVA 
(temperature x age x gender sex x location). The findings revealed no interaction between 
temperature, age, gender sex and location (p>0.05). There was an interaction between 
temperature and sex as females had a lower warm and cold thermal sensitivity compared to 
males (p<0.05). There was an interaction between temperature and age as the younger adults 
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had a lower warm and cold threshold compared to older participants (p<0.05). There was an 
interaction between temperature, location and age (p<0.05). Regional thermal sensitivity 
during the cold threshold tests was more homogenous for young and older participants 
however during warm threshold tests, regional thermal sensitivity showed more variation 
especially in the younger participants. The forehead sensitivity was similar between cold and 
warm threshold tests in both age groups, whilst the anterior forearm, posterior calf and dorsal 
foot were higher during warm and cold threshold testing for both age groups. There was no 
interaction between temperature, age and sex (p>0.05). 
 
4.0 Discussion 
The aim of the present study was to investigate the effect of ageing on regional warm 
and cold thermal sensitivity in males and females. The main findings of the present study were 
that thermal sensitivity decreases with aging in each sex and that regional differences exist in 
the age-related decrement of thermal sensitivity. Regional differences in thermal sensitivity are 
more homogenous for cold sensitivity in comparison to a more heterogeneous warm sensitivity 
and although sensitivity declines with ageing the regional differences are unchanged by ageing. 
Interestingly, whilst the thermal sensitivity declines with ageing, this decline appears to be 
attenuated on the forehead in both sexes. Finally, females demonstrated a greater thermal 
sensitivity (to both warm and cold) than males regardless of age.  
 
4.1. Effect of ageing and sex 
 
A considerable amount of research exists investigating the interface between the skin and the 
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environment and its responsiveness to a variety of stimuli. Furthermore, research has shown 
that the sensitivity of the skin to such stimuli declines with ageing [7, 8, 9, 10, 11]. From the 
present study there is clear evidence that thermal sensitivity declines with ageing to both a cold 
(older: 1468.6 ± 744.7 W/∙m2, younger: 869.8 ± 654.7 W/∙m2, p<0.001) and warm (older: 
2127.0 ± 1208.3 W/∙m2, younger: 1301.7 ± 1055.2 W/∙m2, p<0.001) innocuous stimulus. 
Whilst the present study supports previous research, it also adds to our current knowledge 
about the decline in thermal sensitivity with ageing and how it differs between the two sexes. 
The results indicated that there was no interaction between age and sex as both male and 
female thermal sensitivity declined with ageing for a warm and a cold sensitivity. As observed 
with our previous findings in young participants [17], females displayed a greater thermal 
sensitivity than males and the current study now shows that this gender sex difference is still 
apparent in aged individuals (>65yrs). This suggests that the decline in sensitivity with ageing 
may be relative to the initial sensitivity of the individual or location. The exception to this rule 
is the forehead, which that will be discussed below.   
 
Skin temperature is known to vary across the body and differ between males and females [25] 
but remain unchanged with age [7, 26]. The current study utilised a heat flux technique, which 
reduces the influence of varying skin temperature on thermal sensitivity [27, 28, 29]. The 
actual mechanism for the decline in sensitivity with ageing is beyond the realms of this study 
by previous research may shed some light on this matter. Grassi et al. [30] exposed elderly 
(71.6 ± 2.2 yrs), middle aged (46.2 ± 1.9 yrs) and young (23.8 ± 1.8 yrs) participants to 
dynamic ambient temperatures to monitor muscle and skin sympathetic nerve activity. They 
noted that despite no differences in skin temperature, the elderly participants displayed 
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progressive and marked reductions in skin sympathetic nerve activity compared to the middle 
aged and younger group. This suggests that the decline in sensitivity observed in the present 
study may be associated with an age-dependent neural degeneration. Grassi et al. [30] ruled 
out any impairment to efferent sympathetic neurons due to an unaltered SSNA response to an 
emotional stimulus amongst the three age groups. Therefore the age related decline in thermal 
sensitivity might occur within the afferent signals from peripheral thermoreceptors. There have 
been other findings in support of this hypothesis with evidence of reduced thermoreceptors 
density, decreased conduction velocities and/or neurotransmitter release (see review: Verdu et 
al. [1]). Alternatively, central integration in the hypothalamus may also contribute to the age 
dependent decline in thermal sensitivity but further research is required to clarify this.  
 
In the present study, the sex-related differences suggest that thermal sensitivity is more 
pronounced in female than that of male in each age group, which may suggest that females 
initiate a behavioral temperature regulation response earlier than males. It has been suggested 
that females are more sensitive than males to a thermal stimulus due to an impaired ability to 
thermoregulate in comparison to male counterparts [17, 31]. Therefore, it would be beneficial 
for females to be more sensitive to a warm or cold stimulus than males in order to encourage 
behavioural responses to maintain thermal balance. The present study clearly indicates that 
females are still more sensitive than males regardless of age. The interaction between age and 
gender sex on cutaneous vascular and sudomotor function is currently unknown. The current 
data may suggest that the age related decline typically observed is similar between males and 
females but further research is required to investigate this. However, if males cutaneous 
vascular and sudomotor function responses to dynamic ambient conditions is impaired more so 
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than females, this alongside lowered thermal sensitivity puts them at a greater risk for thermal 
imbalance.   
It is noteworthy to highlight that whilst there were differences in subcutaneous fat (as 
measured by skin fold analysis) between sexes and ages amongst the female group we do not 
believe that this will have contributed to the differences observed. Whilst body fat and/or skin 
fold thickness can impact autonomic thermoregulation there is limited evidence for its role in 
perceptual thermal sensitivity. It has consistently been reported that participants with more 
subcutaneous fat tend to have a lower skin temperature [32, 33, 34]. Our findings agree with this as 
our OF had a higher Σ7SF and a lower mean skin temperature, whilst our males demonstrated no 
differences in Σ7SF or skin temperature. However, there is very limited evidence to show that skin 
fold thickness or body fat affects thermal sensitivity. Budd et al. [35] found that whilst fatter 
participants differed in skin temperature and core temperature they felt no less uncomfortable to a 
whole body cold exposure test compared to leaner individuals. This has recently been supported by 
Fournet [36], who found that despite colder skin temperatures, fatter participants had similar local 
thermal sensations as their leaner counterparts. Ouzzahra [37] also found no relationship between 
thermal sensation and skin fold thickness across numerous sites on the body. A reason for this 
finding maybe that the thermoreceptors being stimulated, along with other sensory receptors, are 
located in the dermis of the skin. Subcutaneous fat on the other hand, sits below the dermis in the 
hypodermis where neither cold nor warm thermoreceptors lie. The reason autonomic response may 
be influenced by subcutaneous fat is that the sweat glands and cutaneous blood vessels are located 
in the hypodermis, which is the site of adipose tissue. Notably, cold and warm receptors have been 
found at different depths within the dermis and this has been suggested as one of the reasons for a 
heightened sensitivity to cold compared to a warm [50, 51, 52, 46]. This concept is discussed in 
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Section 4.3 below.  
 
It is possible that the skin thickness may explain the aging differences observed in our study, as 
there is some evidence to suggest skin thickness declines with age [38]. However, our methods 
do not accurately measure skin thickness as skin fold calipers combines both subcutaneous fat and 
skin thickness, with subcutaneous fat contributing more substantially to this measure. Evidently, 
further research on this topic is warranted. 
 
4.2. Effect of ageing and regional differences 
Regional differences in thermal sensitivity to a warm and cold stimulus were 
apparent in both age groups and the data indicated that all 8 body regions were more sensitive 
in the younger group compared to the elderly group (p<0.05). The pattern of sensitivity across 
the body depends on the type of stimulus (hot or cold) and the age (young or elderly). 
However what is very clear from the data is that the forehead was consistently the most 
sensitive region in both age groups, both sexes and to either an increasing or decreasing 
stimulus. In addition, whilst thermal sensitivity declines with ageing in all locations the 
thermal sensitivity at the forehead was attenuated in comparison to the other locations. Cotter 
and Taylor [392] demonstrated that the face is a highly thermosensitive area for both 
perceptual thermal sensitivity and autonomic sensitivity (i.e. influence on sudomotor control) 
in comparison to numerous locations across the body. In addition, Gerrett et al. [16, 17] 
showed that thermal sensitivity across 31 locations on the body declines during exercise in 
comparison to rest but this decline is not observed at the forehead to a warm or cold stimulus 
in females. Collectively this data suggest that the thermal sensitivity of the face must be of 
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physiological importance. By thermally or non thermally stimulating the face using convective 
heating or cooling or topical application of menthol or capsicum (respectively), Schlader et al. 
[4033] demonstrated that under neutral conditions (20.3 ± 0.2°C, 48 ± 3% RH) the face is 
capable of modulating thermoregulatory behavior during exercise. Although no data is 
available about the role of facial thermal sensitivity on thermoregulatory behavior during rest 
or in older individuals we speculate that thermal sensitivity is persevered at the forehead to 
maintain behavioural thermoregulation throughout the life span. Whether this preservation is a 
natural defence mechanism or a consequence of nurtured human behavior given that the face is 
typical uncovered by clothing in every day life remains unknown.  
 
In the present study, the foot was the least sensitive region in both sexes and ages during an 
increasing stimulus only. It has been demonstrated that the length or peripheral nerves can 
influence sensitivity to tactile responses such as vibration perception [4134, 4235]. However if 
this were to be true for thermal sensitivity one would expect to see a proximal to distal decline 
in thermal sensitivity across the body. Whilst cold thermal sensitivity was more heterogeneous 
across the body, warm sensitivity was homogenous, with thermal sensitivity decreasing in the 
following order: forehead (906.4 ± 508.9 W/m
2
), anterior forearm (1148.6 ± 523.1 W/m
2
), 
dorsal hand (1309.6 ± 825.4 W/m
2
), chest (1462.1 ± 621.1 W/m
2
), anterior thigh (1506.1 ± 
734.8 W/m
2
), scapula (1829.6 ± 1064.1 W/m
2
), posterior calf (2083.3 ± 1131.3 W/m
2
) and 
dorsal foot (2411.4 ± 1335.4 W/m
2
). Although the head was the most sensitive and the feet the 
least sensitive, there was no clear proximal to distal pattern observed at the remaining 
locations. Interestingly, longitudinal data collected on elderly males from a number of 
experiments [see review; [436]) suggested that has demonstrated that cutaneous vasodilation 
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(CVD); sweat gland output (SGO) and heat activated sweat glands (HASG) decline with 
ageing but in a non-uniform rate across the body. Inoue et al. [36] hypothesize that that the 
decrement in heat loss effector function (cutaneous vasodilation CVD; sweat gland output 
SGO and heat activated sweat glandsCVD, SGO and HASG) may proceed from the lower 
limbs, to the posterior torso, then the anterior torso, then the upper limbs and finally the head, 
which somewhat mimics the findings in the present study. This possible interaction between 
heat loss effector functions and thermal perceptions, if it exists, would be an interesting future 
research topic.    
 
Using magnitude estimation both Gerrett et al. [16,17] and Nakamura et al. [4437] reported 
thermal sensitivity was greatest at the head, then the torso and declined towards the extremities 
(in relatively young participants). It has been suggested that regional sensitivity demonstrating 
this pattern is associated with protecting the vital organs located within the head and torso 
[4437]. However, thermal sensitivity using threshold detection technique does not support this 
theory but this may be associated with the different methodologies used. Alternatively, it has 
been suggested that the afferent fibres from the face are thought to ascend and terminate at 
different locations within the central nervous system than the free nerve endings from other 
locations [4538, 4639]. In addition, animal studies have shown afferent convergent across the 
body but minimal convergence at the face [470, 481]. Although human data does not exist it is 
possible that the apparent sensitivity of the face yet the lack of clarity over other body sites 
observed in the present study is associated with the convergence onto common neurons.  
4.3. Effect of ageing and temperature 
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In relatively young or middle-aged participants, it has been previously reported that humans 
are more sensitive to a cold stimulus in comparison to a warm stimulus using either threshold 
detection, method of limits or magnitude estimation [16, 492, 19]. This study supports these 
findings and also indicates that this is still apparent in aged individuals. Interestingly, in both 
age groups, thermal sensitivity was more homogenous for cold sensitivity and more 
heterogeneous to a warm stimulus and although sensitivity declines with ageing the regional 
differences are unchanged by ageing. Peripheral cold receptors are believed to be more 
superficial than warm receptors, greater in number and conduct at faster velocities due to being 
located on myelinated afferent fibres [50, 51, 52, 4643, 44, 45, 39], which may explain the 
heightened sensitivity to cold compared to warmth. As there was no interaction between 
temperature, age and sex suggests that the decline in warm and cold sensitivity that occurs 
with ageing is not different between males or females. That is, thermal sensitivity will decline 
in a similar manner between males and females with the ageing process. In contrast, Fowler et 
al. [5346] reported greater increases in the warm threshold detection (i.e. sensitivity declined) 
in comparison to cold threshold detection in aged individuals; suggesting that the 
unmyelinated fibres were age affected. Differences may be due to the methods as they used an 
increasing stimulus temperature of 1.0°C/s and repeated stimulation of the skin to determine 
the thermal threshold, which differs to that studied here.   
 
5.0 Conclusion 
 
In summary, we found that thermal sensitivity to an increasing or decreasing 
temperature declines with ageing. Interestingly females demonstrated a greater thermal 
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sensitivity (to both warm and cold) than males regardless of age. And whilst females are more 
sensitive, the decline that occurs with ageing is similar between the two genderssexes. Finally, 
whilst the thermal sensitivity declines with ageing, this decline appears to be attenuated on the 
forehead in both sexes 
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Figure Legends 
Figure 1.  The absolute heat-flux threshold (warm and cold thermal sensitivity) of each body 
region in older female (OF) and younger female (YF) participants subjects and older male 
(OM) and younger male (YM) subjectsparticipants.  Values are means ± SEM. 
* indicates locations where younger participants were more sensitive than older 
participantsSignificantly different between older and younger subjects for each sex, P<0.05. 
†
 indicates locations where female participants were more sensitive than male 
participantsSignificantly different between female and male subjects for each age, P<0.05. 
w
 Significantly different between warm and cold thermal sensitivity, P<0.05. 
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Table 1. Physical characteristics of each group. 
  Age Height
#
 Mass
#
 AD/mass
#
 Σ7SF# VO2max PA 
 n (yr) (cm) (kg) (cm
2
/kg) (mm) (ml/kg/min) (steps/day) 
Older female 12 65.2 ± 1.0 * 152.8 ± 1.8 *
, †
 51.5 ± 2.5 
†
 281.1 ± 6.4 148 ± 10 *
, †
 33.8 ± 1.9 * 11650±1112 
Younger female 29 21.6 ± 0.2 161.0 ± 1.1 
†
 53.2 ± 1.1 
†
 284.5 ± 2.7 122 ± 6 
†
 41.7 ± 1.4 12128±787 
†
 
Older male 17 66.2 ± 1.5 * 163.2 ± 1.8 * 59.0 ± 2.1 271.8 ± 4.3 69 ± 5 38.5 ± 1.6 11977±1177 
Younger male 13 21.2 ± 0.4 171.2 ± 1.2 58.5 ± 1.8 281.0 ± 4.3 56 ± 7 43.3 ± 3.1 15801±1693 
Values are means ± SEM. AD: body surface area, Σ7SF : sum of 7 skinfolds, VO2max: maximal oxygen uptake, PR: physical activity level. 
* Significantly different between older and younger subjects participants for each sex, P<0.05. 
†
 Significantly different between female and male participants subjects for each age, P<0.05. 
 
# 
Significantly different between female and males inclusive of all ages, P<0.05 
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Table 2. Baseline oral (Tor), mean skin (Tsl) and mean body (Tb) temperatures. 
 Tor Tsk Tb 
 (°C) (°C) (°C) 
Older female 36.73 ± 0.06 32.10 ± 0.58 * 36.26 ± 0.10 
Younger female 36.71 ± 0.05 33.13 ± 0.06 36.36 ± 0.05 
Older male 36.65 ± 0.05 32.98 ± 0.13 36.28 ± 0.05 
Younger male 36.65 ± 0.07 33.11 ± 0.18 36.30 ± 0.06 
Values are means ± SEM. 
* Significantly different between older and younger participants subjects for each sex, P<0.05. 
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Table 3. Statistical findings from pairwise comparison of each location for cold (*p<0.05, **p<0.001) and warm († p<0.05, †p<0.001) 
thermal sensitivity, inclusive of both sexes and ages. (P= posterior, D= dorsal, A = anterior) 
 Forehead Chest Scapula A. Forearm D. hand A. Thigh P. Calf D. Foot 
Forehead  **†† **†† **†† **†† **†† **†† **†† 
Chest **††  *† †† *  †† †† 
Scapula **†† *†  †† ††  ** †† 
A. Forearm **†† †† ††  * †† *†† †† 
D. hand **†† ** †† *  *† **†† **†† 
A. thigh **††   †† *†  *†† †† 
P. calf **†† †† ** *†† **†† *††  † 
D. foot **†† †† †† †† **†† †† †  
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